Strong coupling between a vacuum field of a cavity and a quantum emitter can be achieved when the rate of energy exchange between the emitter and the cavity becomes faster than the decoherence rate of both the emitter and the cavity. This regime manifests itself in formation of light-matter hybrid states -polaritons 1,2 . In contrast, weak coupling between a cavity and an emitter does not result in formation of polaritons, but instead leads to the modification of the spontaneous decay rate, known as the Purcell effect 3 On the excitonic side of the problem, semiconductor quantum wells were traditionally employed for the purposes of strong coupling 1 . However, small exciton binding energies of conventional semiconductor materials, such as GaAs, prohibit their use at room temperature 5 . To warrant room temperature operation, organic chromophores and Jaggregates are used ubiquitously for strong coupling purposes. However, they suffer from inhomogeneous broadening, disorder, and photostability issues, thereby hindering their use in practical applications [6] [7] [8] .
Recently, monolayer TMD semiconductors have emerged as promising alternatives to both semiconductor quantum wells and organic chromophores for exploring polariton physics at room temperature. Monolayer TMDs possess a direct band gap transition, large exciton binding energies, absorption exceeding 15% at the A-exciton resonance and narrow line width even at room temperature [9] [10] [11] . These properties make monolayer TMDs extremely promising for studying polariton-related phenomena. Indeed, plasmonic modes in single nanoparticles have been hybridized with excitons in WS2 and WSe2 in various configurations [12] [13] [14] [15] with typical Rabi splitting reaching 80-120 meV. Similarly nanoparticle lattice modes coupled to MoS2 monolayers have resulted in 100 meV splitting 16, 17 . Strong coupling of both DBR-based and metallic microcavities with monolayer More generally plasmon-exciton interactions require strong intermixing between optical and electronic excitations. Such mixing often results in regimes which can be classified as weak, or just at the border between weak and strong 21 . However, to explore rich polaritonic physics, an unambiguous observation of strong or even ultra-strong coupling is required. Typically, this is achieved using solid state architectures 1,5,22 , organic microcavities [6] [7] [8] or lattice resonances 23, 24 . However, these approaches suffer from a necessity to saturate the cavity with a large number of excitonic material(s). Alternatively, strong coupling can be reached by utilizing excitons with high transition dipole moments. However, this reduces the application of strong coupling to a limited class of materials possessing sufficiently high oscillator strengths, such as J-aggregates, quantum dots, perovskites, TMDs, etc. 4 Here, we present an alternative path to circumvent the problem of reaching strong coupling in nanophotonic systems. The central idea of this study is to realize the strong coupling regime by intermixing plasmons, excitons and microcavity photons into a common polaritonic state. The oscillator strength of plasmonic nanoparticles is orders of magnitude higher than that of TMDs and molecular excitons, which allows the latter to "borrow" the oscillator strength from the former in order to share the same coherent polaritonic states. The microcavities used in our study consist of two 40 nm thick Au mirrors separated by a dielectric spacer of variable thickness, which are filled with plasmonic nanoparticle arrays and monolayers of WS2. By incorporating the system components in this way, we substantially increase the cavity-exciton interaction strength. The energymomentum dispersion for polaritonic states shows massive Rabi splitting exceeding 500 meV -far into the strong coupling regime. These values are enhanced in comparison to any of the two-component systems -cavity and monolayer WS2 or Au nanoparticles and monolayer WS2. Photoluminescence measurements of the coupled systems show dominant emission from the lower polariton branch, thereby suggesting strong intermixing of excitons with plasmons and cavity photons in our nanophotonic structures. These results provide a universal recipe to reach the strong coupling regime of interaction and pave the way towards exploring its new and emerging applications.
The concept of oscillator strength borrowing. Let us consider a resonant microcavity loaded with a large number of absorbing molecules (see Fig. 1 ). In the many-emitter strong coupling picture, a large number of emitters coherently contribute to the coupling process to produce the collective Rabi splitting that scales as the square root of the number of involved molecules -√ 25 . Because the process is coherent, the molecular contribution can be thought of as a giant harmonic oscillator with the oscillator strength equal to that of coherently combined molecules. This in turn implies that all molecules in the coupled system can be replaced by a single entity possessing correspondingly higher oscillator strength, without significantly affecting the mode picture. This concept is illustrated schematically in Fig. 1 (see Methods for further details). way it is possible to create a microcavity filled up with plasmons and excitons organized in a hierarchical manner resulting in intermixed photon-plasmon-exciton polaritons.
Conceptually our approach is similar to organic-inorganic polaritons pioneered by Agranovich and co-workers 27 and to donor-acceptor polaritons realized experimentally by Barnes group 28 and followed by a number of more recent publications [29] [30] [31] . Additionally, microcavities coupled to Au nanospheres were studied previously in the weak-coupling regime, where red-shift of cavity mode was observed due to the presence of the plasmonic particle 32 . Strong coupling of a cavity and a single plasmonic nanorod was recently demonstrated using photoluminescence spectroscopy 33 . Coupling between microcavities and plasmonic lattices at infrared frequencies has also been previously shown 34 . In addition, hybrid systems consisting of plasmonic particles and quantum emitters embedded in microcavities have been studied theoretically 35, 36 . Here, we realize similar concepts experimentally by incorporating monolayer WS2 and plasmonic nanoparticle arrays into a common microcavity system. Nanoparticle plasmon-microcavity photon polaritons. In order to study the coupling within the three-component system, we first realize the coupling between a metallic Fabry-Pérot (FP) microcavity coupled to periodic arrays of Au nanodisks (see Fig. 2a ).
The thickness of both top and bottom mirrors was set to 40 nm, while the thickness of the cavity was varied from 160 nm to 200 nm. Plasmonic arrays of Au disks (height=20 nm, diameter=80 nm) arranged in square lattices with different particle-to-particle distances (Λ=200 nm, 250 nm and 300 nm) were fabricated inside the microcavities. The array spacings were chosen such that the dispersive surface lattice modes are in the blue or UV region -far away from the localized plasmon resonances of individual disks. regime as we will demonstrate further.
Plasmon-exciton-microcavity photon polaritons. We proceed to explore the composition of the polaritonic mixtures by adding the WS2 monolayer to the system. The plasmon, exciton, and microcavity coupled systems were fabricated by incorporating large area mechanically exfoliated monolayer WS2 flakes inside the microcavities and depositing arrays of Au NPs (see Methods). We intentionally fabricated arrays of plasmonic nanoparticles such that they do not cover the whole area of the flake. This allows to exclude any fabrication-dependent sample-to-sample variations by directly comparing various polariton compositions using the same flake, as shown in the Supplementary Material (SM, Fig. S1 ). The WS2 monolayers were exfoliated from bulk crystals and transferred inside half microcavities using PDMS stamps (dry transfer technique) 37 . The WS2 monolayer was characterized with optical contrast and Raman spectroscopy (see Fig. S2 ).
We first compare the two-component (cavity and WS2) versus the threecomponent (cavity, nanoparticle and WS2) samples using reflection (R) and photoluminescence (PL) spectroscopy (Fig. 3) . The experiments were performed for a range of cavity thicknesses (140 nm -180 nm) to tune the cavity with respect to both the plasmon and exciton resonances. The coupled systems clearly show hybridized reflection dips in both two-component ( Fig. 3a) and three-component (Fig. 3d) systems. However, the mode splitting in the latter case is significantly higher, owned to the oscillator strength borrowing from plasmonic nanostructures. FDTD calculations (Fig. 3b ,e) performed for these samples agree well with the experimental results. The dielectric function for the monolayer WS2 in this case was extracted from Li et al. 11 We note that for the three-component system, calculations (Fig. 3e) indicate emergence of middle polariton (MP) states, which are nearly absent in experiments (Fig. 3d) . We attribute this to differences in polariton line width between experiments and calculations (in experiments it is broader as is evidenced in Fig. 2 and Fig. 3 ), which may appear as a result of underestimated losses in the Johnson and
Christy permittivity of gold 38 that was used in the calculations as well as slight inhomogeneous broadening of nanoparticle plasmons. We also note that control experiments on Au nanodisks deposited on WS2 monolayer outside the cavity do not result in the strong coupling regime as the observed splitting is small in comparison to the nanoparticle plasmon line width (see Fig. S3 ).
We further investigate the strongly coupled samples using PL spectroscopy. For the case of two-component systems, we find that the PL spectra strongly depend on the cavity thickness (Fig. 3c) . This is expected as the cavity thickness determines the cavityexciton detuning, and thus composition of polaritonic states in this case. For the case of the thinnest cavity (140 nm, black curve in Fig. 3c ), PL emission occurs primarily at the A-exciton band of WS2 at around 2 eV, indicating that the polaritonic mixture is mostly of excitonic character (see Hopfield coefficients in Fig. S5a ). As the cavity thickness is increased, emission via the lower polariton (LP) branch shifts to lower energy 1.76-1.9 eV depending on the exact cavity thickness. This demonstrates stronger involvement of the cavity mode in the formation of the LP state, consistent with the red-shift of cavity resonance for thicker cavities. Noteworthy, PL emission maxima correspond to the LP maxima measured in reflection (see Fig. 3a-c) , in agreement with PL emission from strongly coupled systems 7, 39, 40 .
For the three-component systems, in contrast to two-component counterparts, we find that PL emission is less dependent on the cavity thickness. This can be understood by appreciating the fact that the combined Rabi splittings in the three-component cases are significantly stronger (up to 500 meV) than in two-component systems, thereby implying that detuning between the cavity mode and the plasmon and exciton resonances should play a less important role. Indeed, tuning the cavity thickness from 140 nm to 180 nm does not significantly affect the plasmon-exciton-cavity polariton composition in this case. Here, we again observe that PL signal is dominated by emission from LP states, which occur at 1.6-1.7 eV depending on the cavity thickness. Noteworthy, the LP states in the three-component system lie much below the corresponding two-component counterparts, because of the stronger combined Rabi splitting in this case. As the cavity thickness is increased, we observe a gradual red shift of the bare cavity mode resonance (Fig. 4a-c) , in agreement with the standard microcavity behavior. By introducing the WS2 monolayer into the cavity, the exciton hybridizes with the cavity resulting in UP and LP states, whose exact composition and dispersion depend on the cavity thickness and parameters of the 2D material. PL of these two-component samples show parabolic dispersion and dominant emission via the LP state (Fig. 4d-f ), in agreement with previous findings 18, 20 and normal incidence data in Figs. 3a-c. Dispersion in the microcavity -WS2 monolayer system shows mode anti-crossing at 30 ⁰ (for 160 nm cavity thickness, see show anti-crossing with a substantial Rabi splitting exceeding 400 meV ( Fig. 4g-i) . For the 180 nm sample the LP is observed at 1.7 eV, while the UP is observed at 2.1 eV although less pronounced. Rabi splittings in this case are slightly smaller than the ones obtained in Fig. 2 , because the Au disks diameter in this case was slightly smaller than 80 nm.
When the microcavity, monolayer WS2 and Au nanoparticles are combined together, the LP is observed at 1.57 eV (at normal incidence), while the UP appears at 2.15 eV resulting in a massive Rabi splitting of about 535 meV (see Fig. 4l ). Thus, the mode splitting obtained in the three-component system is significantly larger than any of the twocomponent systems : cavity-WS2 (75 meV) and cavity-nanoparticles (400 meV) and even larger than their combination. The latter strongly suggests existence of an additional mechanism of the coupling strength enhancement in this case, which is likely due to the antenna effect as we argue below. To improve our understanding of the coupled system, we investigated its PL response. We used a 532 nm (2.33 eV) continuous wave laser to resonantly excite the UP branch. Similarly to reflection measurements, dispersion in PL was obtained by scanning the back focal plane of the microscope objective with the LCF. PL spectra of three samples of different cavity thicknesses are shown in Fig. 4 . For 140 nm thickness cavity, the PL signal is heavily dominated by the LP branch (Fig. 4j) . We note that the resonance position of the LP branch is significantly red-shifted with respect to the resonance of uncoupled WS2 monolayer. Such behavior can be explained by a phonon-assisted population of LP via exciton reservoir in the strong coupling regime 41, 42 . The PL data thus points to a significant excitonic contribution to formation of polaritons in the three-component system. This observation is further corroborated by the coupled oscillator model and Hopfield coefficients (see Fig. S5 ) and by FDTD calculations of absorption spectra of the threecomponent system (see Fig. S6-S7 ). As the cavity thickness is increased to 160 nm and 180 nm, the LP emission contribution gets slightly red-shifted as the cavity contribution to LP gradually increases. This is evidenced from dispersion plots in Fig. 4j -l and near-normal incidence spectra in Fig. 3f . For the 180 nm sample, the sample with the most red-detuned cavity mode, PL emission occurs at a slightly higher energy than the LP found in reflection.
To extract additional details we refer to the coupled oscillator model (see Importantly, the coupling rates for the three-component system are rather different from the two-component cases. This is because plasmonic particles significantly modify the distribution of electromagnetic energy density in the cavity (see Fig. S4 for further details). As a result of such modification,
coupling rate reaches as much as 150 meV, which is considerably enhanced in comparison to − (2) . We attribute this to the antenna effect, which modifies the cavity mode such that the electromagnetic energy density is maximized at the position of WS2 monolayer. This observation is in agreement with recent theoretical investigations 36 . At the same time
is nearly unaffected in the three-component system and remains to be 180 meV.
The coupling rate between plasmonic nanoparticles and excitons, − (3) , can be estimated based on near-field FDTD calculations for plasmonic particles inside and outside of the microcavity (see Fig. S4 ). The analysis shows that
is relatively small -about 30 meV. We then insert these values into the coupled oscillator model for the threecomponent system. The obtained curves are in good agreement with the experiment (see dashed green lines in Fig. 4) .
Additionally, the coupled oscillator model allows extracting the composition of the polaritonic mixtures (see Fig. S5 ). In the plasmon-exciton-cavity system we observe a significant contribution of WS2 excitons for all polaritonic branches -UP, middle (MP) and LP. This is further confirmed by FDTD calculations of absorption of the three-component system (Fig. S6) as well as by individual contributions of WS2, Au nanoparticles and cavity mirrors to the total absorption (Fig. S7) . In experiments we, however, do not observe strong signatures of MP, which we attribute to underestimated losses in the Johnson and Christy permittivity of gold 38 , as mentioned in the discussion of Fig. 3 . We note that the overall PL emission behavior, Hopfield coefficients extracted from the coupled oscillator model and FDTD results strongly point to involvement of WS2 excitons into collective mode splitting and formation of macroscopic coherent polaritonic states.
In conclusion, we have shown that by introducing plasmonic nanoparticles inside microcavities, the strong coupling regime with monolayer WS2 system can be readily realized. The main mechanism responsible for these observations is oscillator strength "borrowing". We anticipate that the concept of hierarchical cavity-plasmon-exciton polaritons introduced here may lead to routine observation of strong coupling in microcavities without requiring high exciton densities, albeit at the expense of the reduced exciton character of polaritonic states. Several recent observations suggest that it is collective, not individual Rabi splitting, that is important for a number of physical and chemical processes, such as exciton transport and photochemistry [43] [44] [45] [46] [47] . By oscillator strength borrowing one could therefore expect a substantial change in material properties of these strongly coupled emitters, which thereby may lead to new and exciting applications.
Methods:
Fabrication of FP microcavities containing Au nanoparticle arrays and WS2 monolayers: 170 µm thick glass coverslips (Deckglaser #1) were cleaned in hot acetone, hot isopropanol and Piranha (H2O2:H2SO4 1:3) solution. Bottom microcavity mirror composed of 40 nm Au layer was evaporated using an e-beam evaporator (Kurt J. Lesker PVD225). SiO2 for half-cavities with various thicknesses were then deposited using STS PECVD (PlasmaEnhanced Chemical Vapor Deposition) at 300°C. In order to spatially locate monolayer flakes and align the sample for electron beam lithography Cr/Au (5 nm/25 nm) markers were patterned on the SiO2 using standard UV-lithography process. Large monolayer flakes of WS2
were mechanically exfoliated from bulk crystals (HQ Graphene) on thin PDMS stamps which were later transferred on SiO2 37 . Monolayer flakes were characterized by PL, optical contrast and Raman scattering (see Fig. S4 ). Square lattices of Au nanoparticle disks (height 20 nm) with various diameters and pitches were fabricated on the top of WS2 monolayer using standard e-beam lithography. In order to improve the crystallinity of the nanoparticles and remove resist residues, the samples were annealed in an inert atmosphere (Ar/4%H2) for 30 min at 300°C. PMMA layer with same thickness as the bottom SiO2 half cavity was spin coated on top of the Au nanoparticle lattice, followed by baking at 180°C for 5 min. Samples were completed by depositing top microcavity mirror (Au 40 nm) by e-beam evaporation.
Optical Measurements: Near-normal reflection spectra were collected using a To obtain the reflection spectrum in Fig. 1d , a periodic array of Au disks (d=46 nm, h=20 nm and Λ=200 nm) was placed at the center of the microcavity, while the oscillator strength of the molecular Lorentzian layer was reduced to = 0.006.
In Figs. 3b,e the thickness of both mirrors was set to 40 nm, while the thickness of the dielectric (SiO2) layer was varied depending on the spectral requirement of first order cavity resonance. The dielectric function for Au was again taken from Johnson and Christy 38 , while SiO2 was modelled as a nearly dispersion free and lossless dielectric with a refractive index of 1.45-1.47 (400 nm to 900 nm). The permittivity of monolayer WS2 was obtained from the literature 11 and used without further modifications. Contributions from all relevant excitonic components were taken into consideration. The WS2 monolayer (thickness 7 Å) was placed at the center of the microcavity. Au nanodisks (d=70 nm and h=20 nm) were placed on top of WS2. Fine meshing was used for monolayer WS2 (0.1 nm), Au disks (1 nm) and the microcavity (1 nm along z-axis) for accurate calculations. 
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